Objectives: Welding fumes contain several metals including manganese (Mn) and iron (Fe) that may affect the nervous system. Previous studies of potential welding-related neurotoxicity have focused primarily on Mn exposure. The current study examined neurobehavioral and brain imaging changes in asymptomatic welders and their associations with both Mn and Fe exposure measurements. Methods: Data were obtained from subjects with (n = 46) and without (controls; n = 31) a history of welding exposure. Occupational questionnaires estimated recent (HrsW; welding hours and E 90 ; cumulative exposure, past 90 days) and lifetime (YrsW; total welding years and ELT; cumulative exposure, lifetime) exposure. Brain MRI pallidal index (PI), R1 (1/T1), and R2* (1/T2*) were measured to estimate Mn and Fe concentrations in the basal ganglia [caudate nucleus (CN), putamen, and globus pallidus], amygdala, and hippocampus. Comprehensive neuropsychological tests were conducted to examine behavioral differences between welders and controls. Correlation analyses were conducted between neuropsychological tests and those exposure measurements that showed significant group differences. Results: Compared to controls, welders had significantly higher R2* in the CN and lower performance on the Phonemic Fluency test. Correlation analyses revealed that welders' Phonemic Fluency scores were inversely associated with R2* in the CN, but not with the PI or R1 in any brain region of interest studied. Discussion: The results showed that neurobehavioral performance for the asymptomatic welders in our study was worse than individuals who had not welded, and suggest the differences may be associated with higher Fe accumulation in the CN.
Introduction
Welding fumes contain mixtures of metals including manganese (Mn) and iron (Fe) . Excessive high-level exposure to these fumes can be associated with manganism, with symptoms that include motor [e.g., rigidity, bradykinesia, and balance problems particularly with falling backwards (Levy and Nassetta, 2003) ], psychiatric, and cognitive deficits [e.g., anxiety disorders and decreased memory and attention (Bowler et al., 2012; Meyer-Baron et al., 2013) ]. Several studies, however, documented neuropsychological and/or subclinical symptoms that did not meet criteria for clinical manganism (Chang et al., 2009; Ellingsen et al., 2008) . Previous reports (including meta-analyses) that mainly focused on individual test results revealed that asymptomatic welders predominantly had slower processing and visuomotor performance, although lower scores in attention, short-term memory, and executive function also were found (Chang et al., 2009; Ellingsen et al., 2008; Meyer-Baron et al., 2013) . Thus, the overall weight of evidence suggests that there are neurobehavioral consequences of welding exposure even in asymptomatic welders. In addition, previous studies in non-human primates exposed to Mn reported Alzheimer's disease (AD)-like pathology (Guilarte, 2010; Guilarte et al., 2008) and impairments of learning and memory tasks (Schneider et al., 2013) , raising the possibility of increased risk of developing dementia in Mn-exposed populations.
Past studies have largely focused on the potential weldingrelated neurotoxicity posed by high-exposure levels of Mn, in part because such welding exposure leads to deposition of Mn in the brain, particularly in the basal ganglia (Criswell et al., 2012; Dorman et al., 2006) . For example, Mn brain accumulation has been linked to higher magnetic resonance imaging (MRI) T1-weighted intensity (T1WI) and/or T1 relaxation rate (R1: 1/T1) that was greatest in the globus pallidus (GP; Dorman et al., 2006; Kim et al., 1999) . Our group recently reported that R1 also can capture sensitively Mn accumulation in the basal ganglia and other brain regions of Mn-exposed asymptomatic welders who had relatively low-level exposures (Lee et al., 2015) .
Many studies have attempted to relate neurobehavioral measurements with welding-related neuroimaging markers. For example, a higher pallidal index [PI; the ratio of GP T1WI to frontal white matter (FWM) intensity and a well-known estimate for Mn brain accumulation] has been associated reliably with slower motor function (Chang et al., 2009; Dion et al., 2016; Shin et al., 2007) and/or with poorer performance in working memory and executive functions (Chang et al., 2009) . A quantitative brain MRI study also reported Mn-induced volume decreases in the GP and cerebellum that correlated with reduced performance in fine motor and executive function tasks in full-time welders (Chang et al., 2013) . Our group recently reported welding-related fractional anisotropy changes in the GP (Lee et al., 2016b ) that were significantly correlated with multi-digit synergy performance in welders (Lewis et al., 2016) .
All of these studies focused on the neurobehavioral consequences of Mn exposure, yet the majority of welding fumes is Fe. Airborne Fe concentrations are ca. 10-fold greater than those of Mn (Ellingsen et al., 2006; Flynn and Susi, 2009) , and whole blood Fe levels in welders are much higher than those of Mn (Lu et al., 2005) . Like Mn, Fe is an essential element that also can be neurotoxic at higher doses (Sipe et al., 2002) . In MRI, Fe has paramagnetic characteristics and shortens the apparent transverse relaxation time (T2*; Haacke et al., 2005) . Thus, Fe accumulation in human brain can be assessed by measurement of the T2* relaxation rate [R2* (1/T2*)], and the association between R2* values in selected brain areas (including the basal ganglia) and brain Fe content has been confirmed (Gelman et al., 1999; Peran et al., 2010) using estimates from postmortem data (Hallgren and Sourander, 1958) . R1 is relatively selective for estimating Mn brain accumulation because Mn has the highest T1 relaxivity (6.67/mM/s) of all metals, higher even than the contrast agent gadolinium (5.0/mM/s). Other paramagnetic metals in welding fumes have lower T1 relaxivity (e.g., Fe 2+ = 0.01 and Cu 2+ = 0.5) (Gallez et al., 2001; Yilmaz et al., 1999) . In addition, R2* is affected by other paramagnetic metals (e.g., Cu and Mn) that are common in welding, decreasing the specificity (Vymazal et al., 1993) . For example, increased R1 and R2 values were observed when there was elevated Mn exposure without additional Fe (Fitsanakis et al., 2010) . Studies examining Fe brain accumulation in welding or Mnexposure are sparse and somewhat inconsistent. Long et al. (2014) assessed Fe concentration via T2* and, when compared to controls, found that full-time welders had lower T2* in the frontal cortex, but no difference in selected subcortical regions of interests [ROIs; e.g., GP, thalamus, and hippocampus (HIPPO)]. Our group recently demonstrated higher R2* in the caudate nucleus (CN) with no difference in other basal ganglia areas in asymptomatic welders (Lee et al., 2016a) . A recent study in deceased mine workers, however, reported no differences in Fe tissue concentrations in any of the basal ganglia areas compared to controls (Criswell et al., 2015) whereas increased Fe tissue concentration was reported in the basal ganglia of Mn-exposed monkeys (Olanow et al., 1996) . Moreover, studies examining possible associations between neurobehavioral performances and welding-related Fe accumulation are lacking.
Thus, the primary objectives of the present study were to test the following two hypotheses: 1) asymptomatic welders with chronic fume exposure will show neurobehavioral decline compared to controls; and 2) there will be significant associations between performances in the neurobehavioral tests that show group differences and exposure measurements of brain Mn and/or Fe.
Methods

Study subjects
Eighty subjects were recruited initially from regional union meetings in Philadelphia and Harrisburg, PA, USA, and from the community around the Penn State Milton S. Hershey Medical Center. Welders, defined as subjects who had welded at any point in their lifetime, represented several different trade groups (e.g., boilermakers, pipefitters, and a variety of different manufacturing jobs). Controls were age-matched volunteers from the same regional community with various occupations that did not have any lifetime history of welding. All subjects were male and answered negatively for past diagnosis of Parkinson's or other neurological disorders. As part of the screening visit, detailed demographic information was obtained from all subjects, including age, education, smoking history, and current or past major medical disorders. All subjects were ascertained to be free of any obvious neurological and movement deficits using Unified Parkinson's Disease Rating Scale-motor scores (UPDRS-III) (Goetz et al., 2008 ) with a threshold score of <15 (Lee et al., 2015) . Subjects' subjective symptoms were assessed by UPDRS I and II that assesses non-motor (I) and motor (II) experiences of daily living (Goetz et al., 2008) . Subjects gave a blood sample for use in clinical and trace metal analyses to ensure the health of the subjects; all participants had normal blood calcium and magnesium levels. Welders underwent an orbital radiograph to rule out any metal fragments around the eye prior to brain MRI. Written informed consent was obtained from all subjects in accordance with the Declaration of Helsinki and approved by the Internal Review Board/Human Subjects Protection Office of the Penn State Milton S. Hershey Medical Center.
Neuropsychological tests
One fine motor function domain and six cognitive domains were examined: (1) processing/visuomotor speed; (2) executive function; (3) language; (4) learning/memory; (5) visuospatial processing; and (6) attention/working memory. Standardized neuropsychological batteries were administered from each domain by an experienced examiner: Subtests from the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) (Randolph et al., 1998) were used mainly to assess language, visuospatial processing, and memory for any prodromal signs of dementia or mild cognitive impairment. Processing speed, executive functions, and attention/working memory domains were assessed using subtests from the Wechsler Adult Intelligence Scale-Third Edition (WAIS-III) (Wechsler, 1997) , Trail Making Tests (A and B) (Tombaugh, 2004) , Stroop Test (Golden, 1978) , Delis-Kaplan Executive Function System (D-KEFS) (Delis et al., 2001) , and
Wechseler Memory Scale-Third Edition (WMS-III) (Wechsler, 1998) . Each domain was assessed by two or more subtests except for fine motor speed (see below).
Fine motor function
The Grooved Pegboard test (Lafayette Instrument Company, Lafayette, Indiana) measured manual dexterity for the dominant and non-dominant hands. The board contained 25 holes with randomly positioned slots and a well containing pegs that have a key along one side. Subjects were required to pick up one peg at a time and rotate it to fit in the hole as quickly as possible. Subjects were timed on how long it took them to place all pegs into the 25 holes, first using their dominant and then their non-dominant hand.
Processing/visuomotor speed
The Symbol-Digit Coding subtest from the RBANS, Symbol Search, Stroop-Word, Stroop-Color, and Trail Making-A tests provided measures of processing/visuomotor speed. In the Symbol-Digit Coding subtest, subjects were presented with a worksheet consisting of rows of symbols with a legend at the top of the page that assigned a number to each of the symbols. Subjects were asked to copy as many numbers to symbols as they could within a 90 s period in a sequential order. During the Symbol Search subtest from the WAIS-III, two symbols were presented to the left of a set of five symbols in each of 60 rows. Subjects were asked to mark either the yes or no checkbox for as many rows as possible within 2 min. The correct answer was yes if the set of five symbols included either of the two symbols on the left, which occurred at a rate of 50%. Two trials from the Stroop Test were included in this domain: The Stroop-Word subtest (Golden, 1978) consisted of the words "RED," "GREEN," and "BLUE" randomly presented in black ink on a white sheet of paper in five columns of 20 items. No word was allowed to follow itself within a column. Subjects were asked to read the words as quickly as possible within 45 s. In the StroopColor subtest (Golden, 1978) , each item was written as "XXXX" printed either in red, green, or blue ink. No color was allowed to follow itself in a column. Subjects were asked to name the colors as quickly as possible within 45 s. During the Trail Making-A subtest, subjects were required to connect numbers from 1 to 25 consecutively on a worksheet as fast as they could.
Executive function
The Stroop-Color-Word, Trail Making-B, Phonemic Fluency, and Visual Verbal tests were used to assess executive function. In the Stroop-Color-Word subtest, the words "RED," "GREEN," and "BLUE" were printed in non-corresponding colors (e.g., the word "RED" printed in green ink). For each item, subjects were asked to name within 45 s the color of the ink of the printed words, ignoring the word that was printed. Stroop-interference scores were derived by Stroop-Color-Word test scores minus predicted Stroop-Color-Word test score, which was calculated as the time it took to read one word followed by the time to read one color (Golden, 1978) . In the Trail Making-B, subjects were required to connect numbers (from 1 to 13) and letters (from A to L) consecutively in an alternating sequence (e.g., 1-A-2-B etc.). In the Phonemic Fluency subtest from D-KEFS, subjects generated words within 1 min beginning with a particular letter (e.g. "F"). This subtest was constrained by the rules of avoiding proper names of people and places, and using the same word with different endings. In the Visual Verbal test (10 item version) (Wicklund et al., 2004) , subjects were presented with a set of four geometric figures and asked to select the three that shared a common attribute (e.g., color or shape). Once the first selection was made, they selected a different set of three objects that shared a different common attribute. Ten items yielded two scores: each correct set of three objects received a point (Total) and each shift from one sort to another within a single set of objects received a point (Shift). The Total and Shift scores were recorded.
Language
The Picture Naming and Semantic Fluency subtests from the RBANS provided a standardized assessment of semantic knowledge and word retrieval. In the Picture Naming subtest from the RBANS, subjects were asked to name 10 familiar objects. They were given 20 s to produce the name of the pictured object in each trial. If subjects were unable to give the correct name, standardized cues were presented to aid retrieval. In the Semantic Fluency subtest from the RBANS, subjects generated as many words within a restricted category (fruits/vegetables or zoo animals) as possible within one minute.
Learning/memory
Verbal List-Learning, -Recall, and -Recognition, Story Learning and Recall, and Figure Recall subtests from the RBANS were used to measure verbal learning, as well as verbal and visuospatial memory functions. In the Verbal List Learning subtest, a nonorganized list of 10 words was orally presented and subjects immediately recalled the word list. Four learning trials were performed where subjects were encouraged to recall the words in any order, even if they had mentioned them in a previous learning trial. In the Verbal List Recall subtest, subjects recalled the same word list after a delay of approximately 20 min, indicating verbal long-term memory functions. Afterwards, the 10 correct words, mixed with 10 distractor items, were presented, and subjects identified the words presented in the prior word list (Verbal List Recognition subtest).
In the Immediate Story Recall subtest, subjects were presented with a short prose passage (two trials) and immediately reproduced the story that they had previously heard. In the Story Recall subtest, subjects recalled the story after a delay of approximately 20 min. In the Figure Recall 
Visuospatial processing
Visuospatial perception and processing were evaluated with Line Orientation and Figure Copy subtests from the RBANS. The Line Orientation subtest is a modified version of Benton's Judgment of Line Orientation (Benton et al., 1983) . Subjects were presented with a pair of angled lines and asked to match them to two numbered lines on the display. A total of 10 pairs of angled lines were presented. During the Figure Copy subtest, a measure of perceptual organization, subjects copied a complex figure within 4 min.
Attention/working memory
Digit Span, Spatial Span, and Letter-Number Sequencing subtests from the Wechsler Memory Scale-Third Edition (WMS-III) (Wechsler, 1998) were used to measure attention/working memory span. In the Digit Span test, subjects were orally presented with a series of increasing digits and recited the digits in the order in which they were presented (forward span) or in a reverse order (backward span). In the Spatial Span test, a three-dimensional board with 10 blocks was used and a series of increasing blocks were pointed at the rate of about one second per block in a specific, predetermined pattern. Subjects then reproduced the same pattern by pointing to the blocks in forward or reverse order. In the Letter-Number Sequencing subtest, subjects were orally presented mixed sequences of digits and letters and reproduced first the digits in ascending order, followed by the letters in alphabetical order. All three span tests comprised sequences with a length of 2 to 8 items.
Individual raw subtest scores were converted to age-adjusted norm scores (e.g., T-scores or scaled scores). The norm-based scores then were converted to z-scores [(norm-based scores À mean norm score)/(standard deviation of the norm score)], whereas z-scores of the Grooved Pegboard, Stroop (Stroop-Word, Stroop-Color, and Stroop-Interference), Trail-Making-A and -B, Phonemic Fluency, and Digit Span tests were calculated based on age-and education-adjusted normed scores (Gladsjo et al., 1999; Golden, 1978; Monaco et al., 2013; Ruff and Parker, 1993; Tombaugh, 2004) . The Phonemic Fluency subtest scores were additionally adjusted for race (Gladsjo et al., 1999) . For each domain, an average z-score from individual subtests was calculated to create a summary domain score (Hanganu et al., 2013; Lee et al., 2013; Mak et al., 2014) .
Data from subjects with Mini-Mental Status Examination (MMSE) scores >24 were used for the analysis. In addition, zscores that were 3 SDs (standard deviations) greater/less than the group mean in at least three individual subtests were treated as outliers and considered for exclusion from the analysis. According to these criteria, three subjects' data were excluded from the analysis: one welder had a Mini-Mental Status Examination (MMSE) score < 24. One additional welder and one control subject showed scores more than 3 SDs lower than their respective group means in four subtests including executive function, memory, and visuospatial processing domains. Thus, the final sample included 31 controls and 46 welders.
Exposure assessments and blood metal levels
Exposure first was assessed by the work history (WH; Lee et al., 2015) questionnaire that collected job information over the individual's working lifetime, emphasizing welding and other jobs associated with welding exposure. Responses to the WH questionnaire enabled an estimate of cumulative lifetime welding years (YrsW = years spent welding during the subjects' life and ELT = an estimate of cumulative exposure to inhaled Mn over the individual's life; Supplement 1a) (Lee et al., 2015) . Note that YrsW is not specific to cumulative Mn exposure but to a mixture of metals including Fe. An additional supplementary exposure questionnaire (SEQ; Lee et al., 2015) focused on the 90-day period prior to the MRI and determined the time spent welding, type of metal welded, and various types of welding performed. The exposure metrics derived from the SEQ were: hours welding, brazing, or soldering [HrsW = (weeks worked) * (h/week) * (fraction of time worked related directly to welding)] and E 90 (an estimate of the cumulative 90 day exposure to Mn; Supplement 1b) in the 90 day period preceding the MRI (Lee et al., 2015) . Whole blood Mn and Fe levels were measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) in batches from samples that had been collected the morning of the MRI acquisition and then stored at À80 C until analysis (Lee et al., 2015) .
MRI acquisition and image processing
All images were acquired using a Siemens 3 T scanner (Magnetom Trio, Erlangen, Germany) with an 8-channel head coil. First, high-resolution T1-weighted (T1W) and T2-weighted (T2W) images were acquired for anatomical segmentation and pallidal index (PI) estimation. For T1W images, MPRAGE sequences with Repetition Time (TR)/Echo Time (TE) = 1540/2.3 ms, FoV/ matrix = 256 Â 256/256 Â 256 mm, slice thickness = 1 mm, slice number = 176 (with no gap), and voxel size 1 Â1 Â1 mm were used. For T2W images, fast-spin-echo sequences of TR/TE = 2500/ 316 ms with the same spatial resolution as the T1W images were used. For R1, TR/TE = 15/1.45 ms, flip angles = 4/25, FoV/matrix = 250 Â 250/160 Â 160 mm, slice thickness = 1 mm, slice number = 192, and voxel size = 1.56 Â 1.56 Â 1 mm were used. For R2*, five TEs ranging from 8 to 40 ms with an interval of 8 ms, TR = 51 ms, flip angle = 15
, FoV/matrix = 230 Â 230/256 Â 256 mm, slice thickness = 1.6 mm, and slice number = 88 were used.
Defining brain regions of interest
Bilateral basal ganglia structures [GP, putamen (PUT), and CN], amygdala (AMYG), and HIPPO were selected as regions of interest (ROI) (Chang et al., 2009; Criswell et al., 2012; Dorman et al., 2006) . ROIs were defined for each subject using automatic segmentation software (AutoSeg; Gouttard et al., 2007; Joshi et al., 2004) and then eroded by 1 voxel using a morphological operation in order to ensure the segmented ROI was within the anatomical ROI. The segmentation quality then was confirmed visually by a reviewer blinded to group assignment.
2.13. Estimations of brain MRI parameters 2.13.1. R1 values R1 was measured to estimate Mn brain accumulation (Dorman et al., 2006; Lee et al., 2015) . R1 values in each ROI were calculated as 1/T1 in each voxel and averaged over the entire ROI (Lee et al., 2015) .
Pallidal index
The PI was measured to estimate Mn brain accumulation (Criswell et al., 2012; Kim et al., 1999) . The PI was derived from the ratio of GP T1WI to frontal white matter (FWM) intensity [PI = (GP/ FWM) Â 100] (Krieger et al., 1995; Lee et al., 2015) .
R2* values
R2* was measured to estimate Fe brain accumulation (Lee et al., 2016a) . R2* values in each ROI were calculated as 1/T2* in each voxel and averaged over the entire ROI (Du et al., 2011) .
Statistical analysis
Group comparisons were conducted by means of one-way analysis of variance (ANOVA). Neuropsychological tests with ageand education-adjusted norm-based z-scores were analyzed using analysis of covariance (ANCOVA) with adjustments of respirator use, and tests with age-adjusted z-scores were additionally adjusted for education level. Four education levels were generated based on subjects' education years using the following criterion: 0 = years of education 8; 1 = 8< years of education 12; 2 = 12< years of education 16; 3 = 16< years of education. The imaging measures (PI, R1, and R2*) were adjusted by using age, body mass index (BMI), and respirator use as covariates. Right and left hemisphere MRI data were averaged within each subject.
Spearman partial correlation analyses in welders were conducted between the neuropsychological tests and exposure measurements (HrsW and YrsW, blood Mn and Fe levels, and PI, R1, and R2* imaging values) that showed significant group differences with adjustment for age, education level, and respirator use. Since R2* values are affected by Mn brain accumulation (Fitsanakis et al., 2010; Zhang et al., 2009) , the correlation analyses between neuropsychological results and R2* values additionally were adjusted for blood Mn and the R1 value in the corresponding ROI. To explore the linearity of the associations, additional Pearson partial correlations were conducted when the corresponding Spearman correlations were significant. Statistical significance was defined as a = 0.05. The group comparisons [domain-wise (7 domains) and individual subtests within each domain] and correlation analyses were corrected for multiple comparisons using the Stepdown Bonferroni method to control the familywise error rate (FWER) at p = 0.05 (Holm, 1979) . We reported raw pvalues but stated if the results remained significant after correction for multiple comparisons. We also explored the associations between the neuropsychological tests that showed significant group differences and all exposure measurements (HrsW, E90, YrsW, ELT, blood Mn and Fe levels, PI, R1, and R2* imaging values in all ROIs). Due to the exploratory nature of this last analysis, we did not correct for multiple comparisons. SAS 9.3 was used to perform all statistical analyses.
Results
Group comparisons
Demographics
There were no significant differences in age, liver function (ALT; alanine aminotransferase), cigarette smoking, or UPDRS (I-III) scores between controls and welders (Table 1 ). Welders were defined as "asymptomatic" in the sense that they did not show any overt motor symptoms (UPDRS-III <15), were comparable to controls in terms of motor and non-motor experience of daily living (UPDRS-I and II), and the absence of dementia (MMSE >24).
Controls had 3.3 more years of education on average than welders (p < 0.001), whereas welders had a higher BMI than controls (p = 0.003; Table 1 ).
Neuropsychological tests
Welders showed lower performance than controls in executive function (p = 0.030) and processing/visuomotor speed (p = 0.034) domains (Table 2) , but this did not survive correction for multiple comparisons (seven domains). Performance in other domains (fine motor skills, language, learning/memory, visuospatial processing, and attention/working memory) failed to show significant group differences (p's > 0.297). Individual subtest analyses indicated that welders had a lower performance on Phonemic Fluency (p = 0.002), One-way analysis of covariance (ANCOVA) was conducted with Group as the independent variable and each cognitive domain and individual subtests as the dependent variables. Respirator use was used as a covariate for individual subtests denoted as b and education level was additionally adjusted for individual subtests denoted as a . Bold values indicate significant p-value at p < 0.05. * Indicates significant p-value, which remained significant after correction for multiple comparisons within each domain using the Stepdown Bonferroni method to control the familywise error rate (FWER) at p = 0.05.
Trail Making-B (p = 0.015), Stroop-Word (p = 0.018), and Story Recall (p = 0.032) tests compared to controls. The group difference in the Phonemic Fluency subtest remained significant after correction for multiple comparisons within the executive function domain (five tests). On the other hand, controls showed slightly lower performance in the Verbal List-Recognition subtest compared to welders (p = 0.040).
Exposure metrics and whole blood metal levels
Welders reported greater HrsW (246 AE 196 h), E 90 (2.4 AE 2.0 mgdays/m 3 ; short-term exposure metrics), YrsW (26.0 AE 10.7 years), and ELT (1.2 AE 0.8 mg-years/m 3 ; long-term exposure metrics) than controls (p's < 0.001). Welders also had higher blood Mn (10.8 AE 3.2 ng/mL) and Fe (552 AE 57 mg/mL) levels than controls (p's < 0.001; Table 1 ).
3.1.4. MRI PI, R1, and R2* values in the basal ganglia Welders had higher R2* values in the CN compared to controls (p = 0.013). There were no group differences in other ROIs for R2*, the PI, or R1 (p's > 0.212; Table 1 ).
Association of neuropsychological performance and exposure measures 3.2.1. Exposure metrics and whole blood metal levels
Neither the executive function and processing/visuomotor speed domains nor any of the individual subtests were significantly correlated with HrsW, YrsW, or blood Mn and Fe levels (p's > 0.083).
MRI PI, R1, and R2* values
The average executive function and processing speed/visuomotor speed domain scores were not correlated significantly with any MRI measure in welders (p's > 0.127). Correlation analyses of individual subtests revealed that Phonemic Fluency test scores were negatively and linearly correlated with R2* in the CN (R = À0.478, p = 0.004: Spearman and R = À0.468, p = 0.007: Pearson; Fig. 1 ), which remained significant after correction for multiple comparisons of five tests (five significant subtests x one significant MRI exposure measurement of R2* in the CN), but Phonemic Fluency did not correlate with other imaging measures (the PI or R1; p's > 0.542). None of the other individual neuropsychological subtests that showed group differences were correlated with the PI, R1, or R2* in any ROI (p's > 0.062).
Post-hoc multiple regression analysis
A post hoc multiple regression analysis was conducted by collapsing across controls and welders using the variable of the R2* in the CN as a predictor with respirator use, blood Mn, and R1 in the CN as covariates in order to determine whether the R2* in the CN may explain the group difference observed in the Phonemic Fluency subtest. The result showed that the R2* in the CN was a significant predictor (ß = À0.166, p = 0.002) to explain the Phonemic Fluency performance (R 2 = 0.20) after controlling for a number of confounders mentioned above.
Discussion
The current study sought to test two hypotheses regarding behavioral changes and their associations with exposure measurements of Mn and Fe in a Pennsylvania (PA)-based cohort of asymptomatic welders. We found significantly lower performance of welders on the Phonemic Fluency test. In addition, welders' Phonemic Fluency test scores were inversely correlated with MRI R2* values in the CN but not with the PI or R1 in other subcortical ROI. Across welders and controls, R2* in the CN was a significant predictor of Phonemic Fluency test performance after controlling for respirator use, blood Mn, and R1 in the CN. These results suggest that the lower Phonemic Fluency performance in asymptomatic welders may be associated with higher Fe accumulation in the CN. The current findings support the hypotheses and underscore the importance of accounting for Fe effects in studies of welding-related neurobehavioral changes in asymptomatic welders.
Exposure level of asymptomatic welders in a PA-based cohort
The mean blood Mn level for our welders was 10.8 AE 3.2 ng/mL, a value similar to that reported from a large European study of welders (i.e., 10.3 ng/mL) (Pesch et al., 2012 ). The average blood Mn level, however, was considerably lower compared to other studies (e.g., blood Mn > 14.2 ng/mL (Chang et al., 2009; Choi et al., 2007; Criswell et al., 2012; Ellingsen et al., 2015) . In addition, the MRI PI in our welders (mean PI = 109.5) was lower compared to several other studies (PI > 112) (Chang et al., 2009; Choi et al., 2007; Criswell et al., 2012) , suggesting that the welders in this study probably had overall lower Mn exposure. Our welders reported E 90 of 2.4 AE 2.0 mg-days/m 3 , translating to ca. 0.08 mg/m 3 for an eight-hr time weighted average (TW). Our welders also reported an average of $246 AE 196 HrsW in the 90-day period prior to the study visit, approximately equivalent to what a half-time welder completely engaged in welding would report. Together, all Mn-related exposure measurements (E 90 , HrsW, blood Mn, and PI values) indicated that the welders in this PA-based cohort generally had relatively low exposure.
Neurobehavioral performance decline in asymptomatic welders
The present results showed that performance in the processing/ visuomotor speed and executive function domains was lower in welders compared to controls, consistent with previous findings (Chang et al., 2009; Meyer-Baron et al., 2013) . Although welders scored lower in all individual subtests in the domains of processing/visuomotor speed and executive function, they demonstrated reliable declines (i.e., remaining significant after correction for multiple comparisons) only on the Phonemic Fluency subtest. Several mental processes are involved in successfully performing the Phonemic Fluency test such as inhibition, setshifting, updating speed, strategic search, and clustering (or strategic response organization) (Bolla et al., 1990; Pettit et al., 2013; Rende et al., 2002; Shao et al., 2014; Troyer et al., 1997) . Given that our welders showed no differences in Stroop-Interference scores and the Visual Verbal test that require critical inhibition and set-shifting abilities, the poorer performance on the Phonemic Fluency subtest may be due partly to difficulties with updating speed, strategic search, and clustering (or strategic response organization) that relates to cognitive flexibility. As such, the data suggest that these aspects of cognitive function may be among the earliest cognitive changes occurring in asymptomatic welders.
Interestingly, we did not find any significant group differences in fine motor dexterity measured by the Grooved Pegboard task. One possibility is that our welders may be able to mask subtle welding-induced motor changes because most of them remain in their regular welding job that requires tremendous accuracy and agility. As such, they even may have superior motor functions compared to non-exposed manual workers (skilled-worker phenomena). We hypothesize that this may have contributed to the failure to detect significant changes in motor functions with conventional fine motor tasks. (Chang et al., 2013; Chang et al., 2009 ). This discrepancy may be the result of lower Mn exposure levels in our welders relative to several other studies (Chang et al., 2013 (Chang et al., , 2009 Choi et al., 2007; Criswell et al., 2012; Ellingsen et al., 2015) . We speculate that Mn-related neurotoxic effects were not discernible in our welders due to their low-level exposure.
Association between neurobehavioral decline and Fe accumulation
The present study revealed that Phonemic Fluency scores were reliably and inversely correlated with R2* values in the CN, but not with exposure metrics, blood metal levels of Mn and Fe, or PI and R1 values in any ROI. Moreover, R2* in the CN was a significant predictor for Phonemic Fluency performance after controlling for a number of confounders. Along with the finding of higher CN R2* for welders, the current results suggest that some welding-related neurobehavioral changes may be caused, at least in part, by Fe rather than Mn brain accumulation, particularly in the CN. This may be especially true when the exposure level is relatively low and Mn neurotoxicity is not yet discernible. In addition to the welldocumented involvement of the frontal cortex (Baldo et al., 2006) in the Phonemic Fluency test, there also is an influence of the CN (Grogan et al., 2009 ). To our understanding, this is the first study reporting the possible relationship between Phonemic Fluency performance decline and Fe accumulation in the CN of welders, yet the dynamics of Fe accumulation and its association with neurobehavioral performance may change if Mn exposure becomes higher. A study of 137 welders exposed to a Mn air concentration of 0.21 mg/m 3 (range: 0.001-3.2) showed higher serum Mn, but no increase (or even lower) serum Fe and serumferritin compared to controls (Ellingsen et al., 2014) . Previous animal studies also showed increased Mn but decreased Fe brain concentrations when rats were fed with both Mn-and Fesupplemented food (Fitsanakis et al., 2010; Zhang et al., 2009 ).
These results suggest that Fe uptake to the brain could be attenuated by the presence of higher levels of Mn.
Limitations
The present study has several limitations. First, the only reliable association between welding-related exposure measurements and individual subtests was found in the Phonemic Fluency-CN R2* association. It is possible that the observed neurobehavioral differences are associated with changes that may have occurred outside the selected ROIs (basal ganglia, AMYG, and HIPPO). Thus, it would be meaningful to include more ROIs, e.g., frontal cortex and/or posterior areas of the brain, to explore other possible associations between neurobehavioral changes and Mn and/or Fe brain accumulation. It also is possible that other welding-related metals (e.g., copper or lead) may play a role in these early behavioral changes.
Second, welders had statistically lower education levels and somewhat higher age compared to controls, factors that could have affected the group comparisons, particularly on tasks requiring higher-level cognitive functions such as the Phonemic Fluency test. Thus, it is possible that the lower education level could have led to lower levels of vocabulary, which in turn could have affected the Phonemic Fluency performance in welders. A lack of a significant group difference in the Semantic Fluency subtest, however, argues against this possibility because both fluency tasks should depend on any vocabulary difference. Nevertheless, for future studies, it would be important to account for vocabulary level and also premorbid intelligence by providing direct measurement of these abilities in order to clarify the finding of the Phonemic Fluency group difference. In addition, to minimize the age-and educationrelated effects, group comparisons were conducted using neurobehavioral test scores that were corrected with age-and education-adjusted normed scores (e.g., the Phonemic Fluency scores). Education level was used as a covariate when educationadjusted normed scores were not available. In addition, we conducted subgroup analyses with age-and education-matched subsets of subjects and the current pattern of neurobehavioral decline still persisted (data not shown). Nevertheless, it would be desirable to replicate the current findings with a more carefully matched sample in terms of age and education to eliminate any age-and education-induced distortion of the data. Lastly, we found group differences in two cognitive domains and several individual subtests, but only the Phonemic Fluency subtest result survived correction for multiple comparisons. This may be because neuropsychological tests that were utilized in this study, especially the RBANS, were not sensitive enough to detect subtle differences in an asymptomatic population, and selection of more sensitive neuropsychological tests should be considered for future studies to maximize the discriminability.
Conclusion
The present study identified early neurobehavioral changes, especially in phonemic fluency performance, of asymptomatic welders. Moreover, the performance on the Phonemic Fluency test was associated with welding-related Fe accumulation in the CN but not with Mn accumulation. The current findings underscore the importance of considering the possible neurotoxic effects of welding-related metals other than Mn, particularly in welders with relatively low-level exposures.
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